Synthesis of the fiber protein of human adenovirus serotype 2 (Ad2) is 100-fold lower in abortively infected monkey cells, compared with productive infections, despite only a 5-to 10-fold reduction in fiber mRNA levels. Previously Anderson and Klessig (Proc. Natl. Acad Sci. USA 81: [4023][4024][4025][4026][4027] 1984) demonstrated a direct correlation between the productive nature of the infection, efficient synthesis of the fiber protein in vivo, and the presence of the x or y ancillary leaders on 10 to 25% of fiber messages. To determine at what level in translation these leaders might be important, the relative rate of initiation and elongation of each class of fiber message was assessed. The presence of the y ancillary leader in productively infected cells increased the rate of initiation about twofold, although translational elongation was similar on all fiber messages. However, the rate of elongation of all fiber messages was threefold slower in abortively infected than in productively infected cells. This reduced elongation rate in abortive infections was specific for fiber. The similar distribution of fiber mRNAs on polysomes in both infections suggests that initiation must also be partially blocked in abortive infections. Since the majority of the fiber mRNA even in productive infections did not contain the ancillary leaders, the initiation and elongation defects in the abortive infection cannot be fully explained by the absence of these leaders. Therefore, other factors in the infected cell must be influencing the rate of translation.
Posttranscriptional regulation of protein synthesis can be exerted at several levels, including RNA processing (12, 16, 37, 47, 63) , export from the nucleus (46, 53) , messenger RNA stability (39, 49, 51) , and translation (8, 30, 62) . The extent of translational control of gene expression has only recently become apparent. Studies in the past few years have begun to define critical features of eucaryotic mRNAs that determine their differential translatability. This has led to the conclusion that the 5' ends of some mRNAs diminish their translation by the presence of secondary structure or multiple initiation codons (15, 35, 36, 56) . Conversely, other messages contain specific sequences, structural features, or both at the 5' end which enhance initiation of translation. Examples of these positive elements include the Ql sequence of tobacco mosaic virus (60) , the site of internal initiation of picornaviruses (27, 52) , and the tripartite leader of adenovirus (42) . Our present understanding of the role these cisacting elements play, however, is far from complete. We have been studying adenovirus replication in permissive and semipermissive host cells to gain additional insight into the mechanisms of translational regulation. Human adenovirus serotype 2 (Ad2) replicates efficiently in most cultured human cells (HeLa) but grows poorly in cell lines derived from African green monkey kidney cells (e.g. CV-1). Abortive infection of CV-1 cells by Ad2 results in an approximately 1,000-fold reduced yield of virus, compared with similar infections in human cells. However, Ad2 growth on monkey cells can be enhanced to normal levels by infection with host range (hr) mutants such as Ad2hr400, which contain a unique nucleotide change in the gene encoding the 72-kilodalton DNA-binding protein (5, 13, 31, 34) .
Early events in the abortive viral life cycle proceed similarly to those in human cells infected with wild-type * Corresponding author. virus or in monkey cells productively infected with hr mutants (3, 4, 21, 22, 65) . The pattern of late viral protein synthesis, however, is significantly altered such that most late viral proteins are synthesized at levels which are 2-to 10-fold lower in abortive infections, compared with those in productive infections. This depression in protein synthesis parallels a comparable reduction in the steady state levels of the encoding late mRNAs (20, 32) . The decreased levels of the late mRNAs are not caused by increased message turnover but by a 2-to 10-fold reduction in the rate of transcription of the major late viral transcription unit (28) .
In contrast to the other late proteins, synthesis of the capsid protein fiber is reduced approximately 100-fold. The diminished level of fiber polypeptide cannot be completely explained by the 5-to 10-fold decrease in its mRNA level (5, 33) . The discrepancy between fiber mRNA levels and fiber protein synthesis in abortively infected CV-1 cells could be caused by either depressed synthesis or reduced stability of the fiber protein. Several lines of evidence argue against the latter explanation, including pulse-chase analysis (3; L. Silverman, V. Cleghon, and D. F. Klessig, Virology, in press) and the readily detectable synthesis of fiber after microinjection of its mRNA (from productive or abortive infections) into abortively infected cells (7, 57) .
In addition to the microinjection experiments, several other studies suggest that the monkey cell translational apparatus is competent to utilize fiber mRNA as a template. Nuclease treated, cell-free extracts prepared from mock-or from abortively infected CV-1 cells are able to translate exogenously added fiber mRNA isolated from Ad2-infected HeLa cells (55) . Similarly, endogenous fiber mRNA is efficiently utilized during runoff translation in S10 extracts prepared from abortively infected CV-1 cells (5) . Heterokaryons formed by fusing enucleated mock-or abortively infected monkey cells with nuclei from Ad2-infected human cells are also capable of synthesizing fiber (71 This is further demonstrated by the fact that on a molar basis, it exhibits similar activity as that from RNA prepared from productive infections when added to a rabbit reticulocyte system in the form or purified message or cytoplasmic RNP complexes (5) . Fiber mRNA isolated from both types of infections is capped and polyadenylated (33) . However, there are some differences. In addition to the tripartite leader, common to all late viral messages, the fiber mRNA may also contain one of three ancillary leaders, x, y, and z. These leaders can be spliced between the tripartite leader and the coding exon for fiber (Fig. 1 ). Since these ancillary leaders are located 3' of the other late genes, they can be spliced only to the fiber mRNA. Fiber mRNA in productive infections differs from that found in abortive infections in respect to the presence of the x and y ancillary leaders. In productive infections in monkey or human cells, the x and y leaders are found on 10 to 25% of fiber messages. In contrast, little, if any, of these ancillary leaders are detected on fiber mRNA isolated from abortively infected cells (6; Silverman et al., in press). Therefore, x, y, or both may be necessary for efficient translation of fiber mRNA in vivo but not in vitro.
In this report, we have investigated the influence of the ancillary leaders on translation of the fiber message. Fiber mRNA in both productively and abortively infected cells was associated with polysomes, regardless of the presence of the ancillary leaders. While both initiation and elongation were defective in abortive infections, this could not be fully accounted for by the absence of x or y ancillary leaders. This suggests that other factors may be involved.
MATERIALS AND METHODS
Cells, viruses, and infections. Monolayer cultures of CV-1 cells were propagated in Dulbecco modified Eagle medium (Flow Laboratories, Inc., McLean, Va.) supplemented with 5% fetal calf serum (GIBCO Laboratories, Grand Island, N.Y.) plus 100 ,ug of streptomycin per ml, 100 ,ug of penicillin per ml, and 2 mM L-glutamine. Cells were infected as previously described (5) with 20 PFU per cell of Ad2 or Ad2hr400.
Polysome preparation. Cycloheximide was added to the medium of infected monolayers to a final concentration of 50 ,ug/ml for 20 second sample was subjected to centrifugation at 45,000 rpm for 2 h at 4°C in a Beckman SW 50.1 rotor. Incorporation into nonpolysome-associated polypeptides was measured by trichloroacetic acid precipitation of the resulting postpolysomal supernatant. To measure the average ribosome transit time of a particular protein, the supernatant centrifuged at 45,000 rpm was immunoprecipitated and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis to exclude cross-contaminating material. Size markers were used to determine the location of the radiolabeled proteins of interest. Radioactivity was eluted from the gel by using NCS solubilizer (Amersham Corp., Arlington Heights, Ill.) and the OCS (Amersham) scintillation system. preparation of cell extracts. Cytoplasmic extracts were then subjected to centrifugation on 10 to 50% sucrose gradients at 160,000 x g for 90 min. The resulting sedimentation profiles are shown. The gradients were divided into 12 fractions of equal volume. RNA was isolated from each fraction, and equal portions (20%) of each fraction were analyzed for fiber mRNA with a nick-translated probe specific to the main body of the fiber message (86.0 to 89.7 map units). The distribution of fiber message, as determined by dot blot, is located under the corresponding gradient profile. Note that the Ad2 dot blots were exposed for a longer period of time to obtain dot intensities similar to those obtained with Ad2hr400. RNPs, Ribonu- cleoproteins. A,60, Absorbance at 260 nm. much lower levels of fiber protein than do productively infected cells. To assess the extent of this difference, synthesis of the fiber protein was analyzed during Ad2 and Ad2hr400 infections and was found to be depressed approximately 100-fold in Ad2-infected cells, compared with those infected with Ad2hr400 (data not shown). However, the level of fiber message in Ad2-infected cells was only 10-fold lower than that in Ad2hr400-infected cells (data not shown), as reported previously (5). Therefore, the 100-fold-lower synthesis of fiber in abortively infected cells was only partly accounted for by reduced levels of the encoding mRNA.
RESULTS

Synthesis
To determine whether fiber mRNA from abortively infected as well as productively infected cells was associated with ribosomes, detergent-solubilized cytoplasmic fractions were prepared from Ad2-and Ad2hr400-infected CV-1 cells at 34 h postinfection and subjected to sedimentation through 10 to 50% sucrose gradients. The gradients were fractionated, and the RNA from each fraction was subjected to dot blot analysis (Fig. 2, top panel) . The distribution of fiber mRNA among heavy and light polysomes, monosomes, and ribonucleoproteins was similar in productively and abortively infected cells ( Table 1) . As an internal control, the hexon mRNA, which is not subject to translational control, was analyzed. It exhibited a distribution similar to fiber messages (data not shown).
ANCILLARY LEADERS AND Ad2 FIBER TRANSLATION a Infected cells were treated with or without puromycin, and extracts were prepared and applied to 10 to 50% sucrose gradients as described in Fig. 2 . Gradients were separated into fractions of equal volume, and RNA was isolated. The fiber mRNA content was determined by dot blot analysis. The radioactivity in each fraction of the gradient was determined by cutting out the individual dots and counting in Aquasol-2 (Dupont, NEN Research Products, Boston, Mass.). The percent total radioactivity in each portion of the gradient was tabulated.
A large proportion of the fiber mRNA in both infections was located in the 80S region of the gradient. To obtain better resolution of this region, infected cell extracts were compared on sucrose gradients with extended centrifugation time to expand the 80S region. Once again, the distribution of fiber mRNA was found to be similar in Ad2-and Ad2hr400-infected cells (data not shown).
To show that mRNA is associated with authentic polysomes, puromycin release experiments were done. Puromycin causes release of nascent polypeptide chains and the disruption of polysomes. The distribution of fiber mRNA was again analyzed on sucrose gradients with or without puromycin treatment prior to preparation of the cytoplasmic extract (Fig. 2, bottom panel) . Fiber mRNA from both infections was released from polysomes to similar extents (Table 1) . Since sensitivity to puromycin requires the formation of at least a single peptide bond, fiber mRNA in abortively infected cells was associated with polysomes that had the capacity to participate in at least limited elongation. The similar distribution in the two types of infections of fiber mRNA on ribosomes that exhibit similar sensitivity to puromycin, together with our previous translational runoff experiments (5), indicate that the large reduction in fiber synthesis in abortive infections is not caused by lack of association of this mRNA with ribosomes.
Distribution of fiber mRNA between the soluble and cytoskeletal fractions. The work of Penman and colleagues (14, 38, 48) suggests that actively translating polysomes are preferentially bound to the CSK. This conclusion was based upon studies of virus-infected cells (poliovirus, vesicular stomatitis virus) which exhibited a temporal correlation between synthesis of viral proteins (or depression of host protein production) and association of their mRNAs with the CSK. Additional evidence suggests that ribosomes are bound to the CSK via the mRNA which they are translating (14) .
In productive infections of monkey or human cells, where the fiber protein is efficiently synthesized, a substantial portion (10 to 25%) of fiber messages contain either the x or y ancillary leaders. In contrast, during abortive infections very little of the mRNA carries either of these ancillary leaders, suggesting that these sequences may be necessary for efficient translation of the fiber mRNA. If x, y, or both leaders enhance translational efficiency by preferential interaction with the CSK, then in the productively infected cells the majority of fiber messages containing these leaders should be CSK associated. To test this hypothesis, the leader composition of the fiber mRNA from both the SOL FIG. 3 . Primer extension analysis of the 5' ends of fiber messages isolated from the SOL and CSK fractions of productively infected cells. SOL and CSK fractions were prepared from Ad2hr400-infected cells as described in Materials and Methods. The isolated RNA was analyzed by primer extension. The synthetic oligonucleotide used for primer extension is represented by the open box labeled p in Fig. 1 . Reaction products were fractionated on an 8% polyacrylamide-urea gel by electrophoresis and then subjected to autoradiography. Bands corresponding to fiber messages containing different 5' leader segments are labeled at the right.
and CSK fractions of productively infected cells was determined by primer extension (Fig. 3) . The primer was complementary to sequences adjacent to the 5' splice junction of the main body of the fiber message, as illustrated in Fig. 1 . The sizes of the major leader segments have been determined previously (1, 6, 23, 24, 64, 70) . Therefore, the presence of each of these leaders was readily identified as cDNA products with appropriate mobilities in denaturing urea-acrylamide gels.
Approximately 40% of the fiber mRNA was found associated with the SOL fraction, and 60% was found associated with the CSK fraction in Ad2hr400-infected cells (Fig. 3) . A similar distribution was observed in abortive infections by Ad2 (data not shown). Furthermore, fiber mRNA isolated from the SOL and CSK fractions of productively infected cells contained similar proportions of each 5' end. Therefore, the more efficient synthesis of fiber protein in Ad2hr400-infected cells could not be explained by enhanced interaction of the y, x, or both leaders with the CSK of the cell.
In addition to the tripartite leader and leaders that consist of the tripartite leader plus x, y, or z, several larger, less prominent bands were also seen (Fig. 3) . These are probably the cDNA products of fiber mRNA with the tripartite leader plus a combination of the ancillary leaders or the tripartite leader plus one of the ancillary leaders and the i leader which is encoded between leaders 2 and 3 of the tripartite leader (Fig. 1) . The infected monkey cells also synthesized small amounts of fiber mRNA whose corresponding cDNAs migrated just above the tripartite leader band or between those containing the y and z leaders, respectively. Their origin is unknown, although they probably represent 5 (Fig. 4 ; Table 2 ). The fiber species containing only the tripartite leader was distributed in a similar manner in both productively and abortively infected cells. This distribution was expected given that (i) the dot blot analysis already showed a similar distribution for total fiber mRNA in the two types of infections and (ii) this mRNA class represents the majority of the fiber messages in both types of infections. In productively infected cells, there was a twofold enrichment of y-containing fiber mRNA on heavier polysomes while fiber mRNA containing the z leader was underrepresented in this region. Messages with the x leader appeared to be equally distributed throughout the polysome profile; however, their low levels made quantitation difficult and therefore less reliable. Unlike the productively infected cells, in abortively infected cells z-containing messages were well represented on heavy polysomes. Thus, fiber transcripts with the z leader were distributed differently within 'Autoradiograms of the primer extension products were analyzed by densitometry of films exposed in the linear range. " The percentage of fiber mRNA with different 5' ends was determined for the major bands corresponding to 123, 123X, 123Z, and 123Y only. The percent contribution of other bands in the gel were not included in this analysis. Note that the heaviest polysomes (corresponding to fractions 1 to 3) contain on a percent basis about twice as much y-containing fiber message as do other fractions in the gradient.
alternative infectious environments, and messages with different leaders in the same productive host also showed different distributions.
Relative rate of initiation on fiber mRNA with different leaders. To determine the relative efficiency of initiation of fiber messages with different leaders, we used the cycloheximide procedure of Fan and Penman (19) . At low concentrations, this drug slows the rate of elongation without affecting the rate of initiation. This can lead to an increase in the number of ribosomes associated with message. A message which is maximally initiated cannot be loaded with more ribosomes during this treatment, while a less efficiently initiated message will have ribosomes added to it.
Cytoplasmic extracts were prepared from productively heximide, and fractionated on sucrose gradients. The extent of ribosome addition onto each class of fiber message was determined by comparing the amounts associated with heavy polysomes (Fig. 5 , fractions 1 to 4; Table 3) in the presence of cycloheximide with that in the absence of cycloheximide. Cycloheximide treatment produced a significant increase in ribosome addition to messages with the tripartite leader. This was two-to threefold greater than the extent of ribosome addition to messages with the ancillary leaders. Therefore, fiber messages with the leaders x, y, or z appeared to initiate with greater efficiency than did the majority of fiber messages. This may explain the twofold overrepresentation of y messages in the heavier portion of the polysome profile, as described in the previous section. However, this is inconsistent with the poor representation of z-containing mRNA on large polysomes. We cells suggested that part of the block to fiber synthesis in these cells must be at the level of elongation. The relative rate of elongation of the fiber polypeptide in Ad2-and Ad2hr400-infected cells was thus investigated. This was determined by comparing the average ribosome half-transit time to the half-transit time of ribosomes specifically synthesizing fiber in productive and abortive infections. By using the procedure of Fan and Penman (19) as modified by Palmiter (50) , the rate of completion of nascent polypeptides (from a polysome-bound to a polysome-free state) was measured. At 34 h postinfection, cells were labeled with [3H]leucine for 2 h. After a 1-h chase, [35S]methionine was added and samples were removed at 2-min intervals. Each sample was analyzed for the amount of radioactivity incorporated into total polypeptides (nascent as well as completed) and that incorporated into completed, free protein that remained in the postribosomal supernatant. Labeling of specific proteins such as fiber was determined by immunoprecipitation of the completed polypeptides from the postribosomal supernatant (details given in Materials and Methods). When the results were plotted as a function of time, parallel lines were generated (Fig. 7) . The distance between total and free polypeptides is one-half the average ribosome transit time. Similarly, the distance between total and a specific polypeptide is one-half the ribosome transit time for synthesis of that particular protein. Virtually identical ribosome transit times were obtained for overall protein synthesis in productively and abortively infected cells. Likewise, the transit times for ribosomes translating hexon and DNAbinding protein were similar in both types of infections. Synthesis of fiber, however, was approximately threefold slower in Ad2-infected cells than in Ad2hr400-infected cells.
To further demonstrate the translational elongation defect in fiber synthesis in abortive infections, we compared the relative elongation rates on total fiber mRNA in abortive infections versus those in productive infections under conditions in which initiation but not elongation was inhibited with pactamycin (as described in the previous section). Ad2hr400-infected cells (Fig. 8) . As a control, the relative elongation rate on hexon messages was also determined and found to be the same in both productively and abortively infected cells. These results corroborate those obtained by the measurement of ribosome half-transit times.
Thus, an elongation defect contributes to the block to fiber synthesis in abortively infected cells. However, since the distribution of fiber mRNA among large and small polysomes and monosomes was similar in productive and abortive infections, there must also be a compensatory initiation defect in abortively infected cells. Together, these two defects contribute to the low level of fiber synthesis in abortively infected cells. DISCUSSION The experiments presented above address the disparity between the rate of fiber protein synthesis and the amount of I'tillI )1f 2s0l1) 20 AdZbh,> b=iQuetilm FIG. 8. Relative rate of elongation of fiber and hexon mRNA in Ad2hr400-and Ad2-infected cells. Limited elongation was performed as described in Fig. 9 ; however, the periods of elongation were 0 and 20 s for Ad2hr400 and 0 and 60 s for Ad2. After gradient centrifugation, the bottom six fractions in each polysome profile were analyzed for fiber and hexon mRNA (with 20% of the RNA in each fraction) by dot blot analysis. The fiber probe was the same as that used in Fig. 2 ; the hexon probe extends from 51.0 to 59.5 map units. Note that the Ad2 dot blots were exposed for a longer period of time to obtain intensities of exposure similar to those obtained with Ad2hr400.
fiber mRNA in abortively infected monkey cells. Fiber protein synthesis is 100-fold lower in Ad2-infected cells than in cells productively infected with Ad2hr400. This apparent difference in synthesis cannot be accounted for by the 5-to 10-fold reduction in the steady state level of the encoding mRNA. Moreover, different stabilities of newly synthesized fiber have been excluded.
The fiber mRNA in abortive infections was associated with polysomes. The distributions of this mRNA in the polysomes, monosomes, and free ribonucleoprotein region of the sucrose gradients were similar for abortive and productive infections. The message was on authentic ribosomes as defined by their sensitivity to puromycin. In addition, the large amount of fiber mRNA migrating in the 80S region of the gradient appeared to be associated with ribosomes, since pronase treatment at 4°C (which disrupts ribonucleoprotein aggregates but not monosomes [25, 59, 68] ) did not alter the distribution of the fiber mRNA (data not shown). Moreover, Anderson and Klessig (5) demonstrated that these ribosomes had initiated translation in vivo and were active in translational runoff in vitro. Penman and colleagues (14, 38, 48) have suggested that actively translating polysomes are preferentially associated with the CSK. However, we found that in both types of infections the fiber mRNA was similarly distributed between the soluble and cytoskeletal fractions of the cell.
In productive infections, a significant portion (10 to 25%) of fiber messages contain the x and y ancillary leaders, while very few fiber messages in abortively infected cells harbor these sequences (6; Silverman et al., in press). The correlation between efficient synthesis of fiber protein and the presence of x and y prompted us to investigate their possible roles in translation. Fiber mRNAs with only the tripartite leader or with this leader plus either of the three ancillary leaders, x, y, or z showed the same distribution between the cytoskeletal and soluble fractions of productively infected monkey cells. In contrast, while all four classes of messages were associated with polysomes, the mRNA containing the y leader was somewhat overrepresented on larger polysomes. This was consistent with the observations that (i) translational initiation was about twofold more rapid on it than on fiber mRNA with only the tripartite leader and (ii) elongation ANCILLARY LEADERS AND Ad2 FIBER TRANSLATION rates were similar on all four classes of mRNA in productive infections. The rate of elongation in abortive infections, however, was at least threefold slower than in productive infections, and this reduction was specific for the fiber polypeptide. This slower rate of elongation combined with the 10-fold-lower level of fiber mRNA may account for much of the 100-fold reduction in fiber synthesis.
While fiber messages containing the tripartite leader and the ancillary leaders x, y, and z have been the primary focus of this investigation, the possibility remains that fiber mRNAs with unidentified leaders might also direct the synthesis of fiber in monkey cells. However, most of the fiber mRNAs with unidentified leaders are present in similar proportions in productive and abortive infections and, therefore, probably do not account for the different levels of fiber in these cells. One fiber message that differs in concentration in these infections may correspond to a combination of the x and y leaders (as determined by size) which would be expected to be found in lower amounts in abortively infected cells. That the mRNAs with the leaders we have analyzed in detail direct the synthesis of fiber, under at least some conditions, has been demonstrated by Dunn et al. (18) , who showed that messages with the tripartite leader or the tripartite leader plus y can be translated in vitro. Microinjection data (7) also demonstrated that a message population containing the tripartite leader and the tripartite leader plus z could be translated in monkey cells. Furthermore, ongoing experiments with fiber cDNA copies indicate that genes encoding fiber messages with the tripartite leader alone or with the additional leaders x and y give similar protein levels in a transient expression assay (D. E. Brough and D. F. Klessig, unpublished results).
Our analysis indicates that despite the previous correlation between the presence of the x and y ancillary leaders and efficient synthesis of fiber, the difference in the leader structure of fiber mRNA in the two types of infections cannot alone account for poor utilization of this mRNA in abortive infections. First, the majority of the fiber mRNA in abortive (-80%) and productive (-60%) infections contained only the tripartite leader and was on polysomes. The y and x classes which were essentially absent in abortive infections represented approximately 20 and 5%, respectively, of the fiber mRNA in productive infections and initiated translation no more than threefold better than did the class with the tripartite leader alone. Thus, their low levels and only modest increase in initiation activity could not account for the much higher rate of fiber synthesis in productive infections. Second, while the rate of elongation of fiber (but not other proteins) was severalfold slower in abortive infections, this appeared to be independent of leader structure. In productive infections, the elongation rate was the same for all four classes of mRNA. Furthermore, the majority (-60 to 80%) of the fiber mRNA in both infections had the same leader structure, yet the average elongation rate was significantly different.
The tripartite leader enhances translation of some (10, 42) but not all mRNAs (2, 44) at late times after adenovirus infection. Thus, the effect of the tripartite leader is probably dependent upon additional features of the adjoining RNA. It has been suggested that an mRNA which is a potent initiator competes effectively with messages that contain the tripartite leader, whereas if it is a poor initiator, then addition of the tripartite leader to it improves translation (2) . The tripartite leader can also facilitate cap-independent translation (17) . This could ensure efficient translation by circumventing a limited availability of certain initiation factors (cap-binding protein complex). While previous studies have indicated that fiber mRNA with only the tripartite leader is readily translated in vitro (5, 18 ), here we demonstrate that it is associated with active polysomes and presumably also translated in vivo. This argues that the 203-nucleotide tripartite leader is sufficient for translation of the fiber mRNA. What role then do the ancillary leaders play? Addition of at least the 184 nucleotide y leader appears to enhance initiation about twofold. However, its effect on total fiber synthesis is probably rather modest since this class represents only 20% of fiber mRNA. Thus, it is unlikely that the altered leader splicing pattern is the primary factor responsible for the poor translation of the fiber message in abortive infections. Rather, our data suggest that the poor translation of the fiber message may be caused by differences in the intracellular environments of the two types of infections. For instance, we If the infectious environment plays a key role in translational regulation, why is only fiber affected? Selective translation of cellular as well as viral messages has been reported in several systems. Translational control at the level of initiation has been described for reovirus in infected mouse cells (9) , ribosomal proteins in glucocorticoid-treated P1798 cells (45) , the herpes simplex polymerase gene (69) , and actin mRNA under conditions of heat shock (62) . Modulation at the level of elongation has been reported for hsp 70 (61) and tyrosine aminotransferase (58) . Translational control at the level of both initiation and elongation has been described for nonheat shock messages at high temperature (8) , for light-regulated expression of ribulose-1,5-biphosphate carboxylase in amaranth (11) , and for cellular messages after infection by influenza virus or adenovirus (29) .
The unusual nature of fiber may provide clues to the mechanism(s) governing its synthesis. Fiber is the only adenovirus protein known to undergo 0-linked glycosylation (26) . Perhaps 0 glycosylation and translation are linked. If this type of glycosylation were perturbed in abortive infections, it might impair translational elongation of the fiber polypeptide. For instance, maybe fiber elongation is limited by an unfavorable conformation of the growing peptide chain, which can be relieved by carbohydrate addition. It has been suggested that translational pausing along the message may facilitate folding of polypeptides. Such discontinuous translation is not incompatible with efficient translation (40, 54, 67) . Therefore, modification of the protein could potentially promote the correct tertiary conformation for continued translation of fiber.
In addition to the slower fiber elongation rate in abortive infections, a compensatory retardation in initiation also must be occurring because the distribution of fiber mRNA on different sizes of polysomes was similar in abortive and productive infections. Several possibilities could account for this specific reduction of fiber initiation. First, the observation that the bulk of adenovirus messages are on smaller polysomes than expected during the late phase in productive (29, 66 ; our data) and abortive (our data) infections suggests that initiation on the viral mRNAs is inefficient, elongation is unusually rapid, or both. Since our ribosome transit time measurements are in good agreement with those determined VOL. 63, 1989 4384 SILVERMAN AND KLESSIG for other systems (19, 50, 59) (7, 57) or in heterokaryons resulting from fusion of infected HeLa nuclei with enucleated monkey cells (71) .
Whatever the factor(s) involved, the exquisite sensitivity of the fiber message should provide a useful tool in determining additional sequence structural features of an mRNA which are subject to translational regulation. Characterization of these regions may allow the identification of cellular factors responsible for this level of control.
